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TECHNICALNOTE3~

A FAHORAFFECTINGTRANSONICLEADING-EDGEFLOWSEPARATION

By GeorgeP.WoodsndPaulB. Gooderum

SUMMARY

changeinflowpatternthatwasobservedas thefree-stream
wasincreasedintheticinityof0.8wasdescribedinNACA

TechnicalNoteI-211by Lindsey,Dal.ey,andWmphreys.Theflowon
uppersurfacebehindtheleadingedgeofan airfoilat enangleof

Mach

the

attackchangedabruptlyfromdetachedflowtithan extensiveregionof
separationto attachedsupersonicflowterminatedby a shockwave. ti
thepresentpaper,theconsequencesof shock-wave-boundary-layerinter-
actionareproposedas a factorthatmaybe importantIndeterminingthe
conditionsunderwhichthechangein flowpatternoccurs.WhentheI’&ch
numberishighenough,theattached-flowpatternexistsbecausethen
theshockwaveis fsrenoughbehindtheleadingedgeto keeptheinflu-
enceofthehighpressurebehindtheshockwavefromextendingthrough
theboundarylayerto theimediateticinityoftheleadingedgesmd

* affectingtheflowthere.Someexperimentalevi.dent.ein supportofthe
importanceof shock-wave-boundary-layerinteractionispresented.

4
INTRODUCTION

Observationsofthechangeintheflowpatternneartheleading
edgeofa wedgeor otherairfoilat anangleofattackas themibsonic
free-streamMachnuniberwasincreasedarereportedby Lindseyandhis
coworkersinreference1. Thisreferenceshowsthat,atthelowersub-
sonicMch nunibers,an extensiveregionof sepsratedflowexistsonthe
uppersurface,andthat,astheMachnumberis increased,theflow
becomesattachedmoreorlessabruptly(tithinan increaseof0.05or
lessinMachnumber).Notonlyisthisabruptchangein flowconfigu-
rationan interestingphenomenonin itself,buttherearealsopractical
reasonsforconsideringthecauseof it. Whentheflowisdetached,
theinstabilityoftheflowmaycontributetobuffeting(ref.2). When
theflowattaches,theremaybe anundesirablyabruptchangeinthe
forcesontheairfoil.Reference1 infersthatattachmentoftheflow
occursonlywhentheheightofthesupersoniczoneatthenosehas
becomean appreciablefractionofthechord.a Thepresentpaperproposes
theconsequencesof shock-wave—boundary-layerinteractionas a factor
thatmsyplaya largeroleindeterminingwhenattachmentoccurs.Thus,

u
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inmoredetailthanpreviously,itrelatesthesizeofthesupersonic
b

zone,as specifiedbythelocationoftheterminatingshockwave,tothe
attachmentphenomenon.SomeexperimentalevidenceoftheImportsmceof P
thisfactorispresented.
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upstreaminfluencedistance,f%
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Subscripts:

4 lam laminar

t total

turb turbulent

1 aheadofbaseof shockwave

m free stream

APPARATUS

Thebbwdownjetthatwasusedforthe~erimentswasoperatedby
dry,compressedairfromstoragetanks.Theairpassedthrough automatic
pressureregulslxms,througha settlingchaniber,andthenthrougha sub-
sonicnozzleto theatmosphere.Thetopandthebottomofthetestsec-
tionwereopento theatmosphere,andthesideswereclosedbystraight
extensionsofthetwosidesofthenozzle.Thesidesofthetestsec-
tioncontainedglasswindowsof interfermneterqtity. Theheightof
thetestsectionwas6 inches,sadthewidthwas4 inches.Interfero-U gramsweretakenwitha hkch-Zehnderinterferometerthatisdescribed
inreference3. Thedurationofthelightsourcewasabout3 mi.cro-

i seconds.Theinterferometerwassoadjustedthattheinterference
fringeswerenotcontoursof constantdensi~,butthedensi@atam.y
locationcouldbe determinedfromthefringeshiftatthatlocation(as
inref.3).

Themodelwasa 5/16-inch-thickflatplatewitha semicircular
leadingedgeanda chordof3 inches.Itcompletelyspannedthetest
sectionexceptfora l/16-inchgapat eachend. Themodelwassupported
by twostrutsonthelawersurface.Thestrutswererigidenoughto
preventanyobservablelateralvibration(chsngeinendclearance)from
occurring‘duringa run. (Vibrationwithan amplitudeofasmuchas
about0.001inchwouldhavebeenobserved.)Themodelwasinstrumented
withthreestatic-pressureorificesintheroundedleadingedgeand
seveninthestraightsectionimmediatelybehindtheleadingedge.The
orificeswerespacedabout0.1inchapartina chordwisedirectionand
about0.24inchapartina spanwisedirection.

Themodelwasplacedat anangleofattackof4°. me r-e of
MachnumberwasfromO.56to 0.88.TherangeofReynoldsnuuiber,based

B
on free-streamconditions,wasfromabout5 x 106perfootat thelowest

Machnuniberto about8 x 106perfootatthehighestWch nuniber.*
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Thefree-streamMachnunibersgivenhereinwerecalculatedfromthe
*

ratioofmeasuredstagnationpressureinthesettlingchambertomeasured
atmosphericpressureundertheassuqtion,whichisnotstrictlytrue, *
thatfree-streampressurewasequaltoatmosphericpressure.Theuse
ofasmanyasthreesignificantfiguresinMachnuniberismerelya means
of indicatingrelativeMachnumbers.

Theturbulencelevelintheemptytestsectionwasnotmeasured,
butmeasurementson othersomewhatsimilarblowdownsetsshowedthe
leveltobe highinthem.

Forsomeoftheinterferogrsms(describedsubsequently),earlier
transitionoftheboundarylayer-s presumablyinducedby a 0.02-inch-
diameterwirethatwasstretchedacrossthetestsectionabout1 inch
aheadofthemodelsadabout1/8inchbelowthecenterline,extended,
ofthemodel.

RESULTS

Descriptionof

ANDDISCUSSION

ChangeinFlowPattern

Thecluxngeintheflowpatternthatisdiscussedhereinis i.ELus-
tratedby theinterferogrameoffigure1,whichshowtheflowinthe
vicinityoftheleadingedgeofthemodelatenangleofattackof4°.
Figuresl(a)to l(g)shuysm extensiveseparatedregionontheupper
surface,andfiguresl(h)to 1(1)showthattheseparatedregionhas
beenreplacedby”attachedsupersonicflowthatisfollowedby a nearly
normalshockwave. TheMachnunibergapbetweenthetwoflowpatterns
infiguresL(g)andl(h)is seentobe only0.006.(Theattentionof
thosereaderswhoarenotfsmil.ierenoughwithinterferogramstorecog.
nizethevariousfeaturesoftheflowbyinspectionofan interferogram
isdirectedto figure2,wherethefringeconfigurationscharacteristic
ofvariousfeaturesoftheflowarepointedout.)

Y

P
.-

--

Figure3 showsthepressuredistribution,obtainedby analysisof
theinterferograms,onthecurvedportionofthemodelat fourWch num-
bersforwhichthedetached-flowpatteinexistsandat oneforwhichthe
attached-flowpatternexists.Figure4 showsthepressuredistribution,
obtainedfromthepressureorifices,onthestraightportionofthemodel
at fiveMachntiersforwhichtheflowisattached,andslsorepeat~
fromfigure3 thepressuredistributiononthecurvedportionforone
ofthese.

Inorderto determinewhethertherewasanyhysteresisinthe ●

attachment-detachmentprocess,veryslowandcarefulchangesintheMach
nuniberoftheflowweremadewhilethemanometersconnectedtothe

k
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orificesintheairfoilwereobserved.It
stresmMachnurriberwasincreased,theflow
nuuiberof0.835,butsometimesitattached
Machnuder wasdecreased,theflowalways

5

wasfoundthat,asthefree-
usuall.yattachedata Mach
at0.854or0.833.As the
detachedata Machnumber

Of0.829. Thus,a small&nountofhysteresiswasobserved.

Shock-Wave—Boundary-LayerInteractionasa Factor

inFlow-PatternChange

Inthepresentsection,shock-wave—boundary-layerinteractionis
proposedas an importantfactorintheobservedchangeinflowpattern.
Inorderto describetheproposedinfluenceofthisfactor,it isadvis-
ablefirstto considerin somedetailtheflowaboutthemodelusedin
thepresentexperiments.Inan incompressible,inviscidfluid,theflow
ontheuppersurfaceofthemodel,ingoingaroundthecurvedleading
edge,wouldbe expectedtoacceleratefromthestagnationpointto some
locationthatisa~roximately90°fromthestagnationpointandto
deceleraterearward ofthatlocation.tia compressible,viscous fluid,
at free-streamMachnuniberslowenoughto causetheflowtobe every-
wheresubsonic,theadversepressuregradientthatisassociatedwith
thedecelerationofthesubsonicflowwouldbeexpectedtobe large
enoughto causeseparationofthelam.inarboundarylayerinthevicini
ofthe80°station,Justas itdoesona circularcylinder. T(Seeref. ,
fig.218.)As thefree-streamI&chnuniberwasincreasedinthepresent
e~eriments,a supersoniczone,etieddedinthesubsonicflow,developed
onthecurvedportionofthemodel.Thiszone increasedinsizeas the
free-streamMachnumberwasincreasedfurther.At a free-streaml&ch
nuniberof0.81.2,forexample,forwhichtheflowis sonicat ~ = -0.40,
thesupersoniczonebeganat aboutthe57°station,as canbe determined
fromfigure3,andetiendedrearwardforabouttwomodelthicknesses,
whereitwasterminated~a shockwave,as cabe seenfromfigurel(f).
Theflow,however,remainedseparatedat thislhchnurliber.

WhentheMch nuniberwashighenough,however,thedetachedflow
attachedtothesurface.Whatisproposedinthepresentpaperisthat,
whenthefree-streamMachnuniberishighenough,theattached-flowcon-
figurationoccursbecausethentheterminatingshockwaveisfarenough
backthattheinfluenceofthehighpressurebehindit isnotpropagated
farenoughforwardthroughtheboundarylayerto influencetheflowon
thecurvedportionofthemodel.Conversely,whentheMachnuniberis
lower,thepatternofattachedflowcannotoccurbecausetheshockwave
is farenoughforwardthattheinfluenceofthehighpressurebehindit
extendsfarenoughforwardto cause separationoftheboundarylayerin
thevicinityofthe&l”station.



6 NACATN 3804
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WhentheMachnumberbecomes“highenough”dependsonthestateof
theboundarylayer,inthesensethatthedistanceofupstreaminfluence
ofthehighpressurebehinda shockwavedependsontheReynoldsnumber, B

thelocalMachnumber,thepressureratioacrosstheshockwave,end
whethertheboundarylayerislaminarorturbulent.Thedistanceis
severaltimesgreaterfora laminarthanfora turbulentboundarylayer,
otherfactorsbeingequal.Itisbelievedthat,fortheconditionsof
thepresentexperiments,theattached-flowconfigurationoccursonly
whentheshockwavecanbe locateddownstreamofthetransitionfroma
lsminsrto a turbulentboundarylayeronthesurface.Whentheshock
waveinteractswitha turbulentboundarjlayer,itsupstl’eamdistance
of influenceis smalland,onthepresentmodel,doesnotextendfar
enoughforwardto causeseparationoftheflowonthecurvedportionof
themodel.

SupportingEvidence

Supportingevidencefortheimportanceof shock-wave-boundary-
layerinteractionas a factorintheattachment-detachmentprocesswould
preswbly be obtainedifitcouldbe showmthat,whentheboundarylayer
ismadeturbulentartificially,theshockwavecsmbe broughtnearerto
theleadingedge(atMachnumberslessthan0.835)withouthavingsepa-
rationoccuronthecurvedportionofthemodel.Fj.gure5 showsthe
flowpatternobtainedatthelowerMachnuniberswitha 0.02-inch-diemeter
wirestretchedacrossthetestsectionabout1 inchaheadofthemodel.
Withtheboundarylayerthusprobablymadeturbulentclosertothestag-
nationpoint,theshockwaveis seentobe locatedclosertotheleading
edgethanwithout‘thewire. Thefree-streamMachnumbercanbe reduced
to 0.751(fig.5(d))withouthavingtheflowdetach.To ascertainwhether
thewireproducedanysignificantdifferenceintheflowaroundthemodel
otherthanintheboundarylayer,thepressuredistributiononthemodel
ata free-streemMachnuniberof0.83wasmeasaredbothwithandwithout
thewireandwasfoundtobe orilysQhtly changedby thepresenceof
thewire,as is shownbyfigure6.

It mightalsobementionedthat,iftransitionoccursjustahead
oftheshockwaveinfigurel(h),theReynoldsnumberoftransition
basedonfree-streamconditionsisthenabout3 x 105. Thisvaluetom.
pareswiththeReynoldsnrmiberoftransitioninwlndtunnelsthathave
an “average”amogntof$ree-stremnturbtiefice,whichfigure4 ofref-

erence5 showstobe about5 x 105. (Fig.1 ofref.5.showsthat’”the’
Reynoldsnuniberoftransitionasa functionofintensityoffree-stream

turbulencecanrangebetweentheratherwidelimitsof105and3 x 106.
Itshould,perhaps,be pointedoutthatin”%hepresentexperimentsthe
flowalongthesurfacehadexperiencedbotha fallinganda risingpres-
surebeforereachingwhatisbelievedtbbe thelocationoftransition.)

R

—.—

.

..
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Itisalsoofinterestto obtain,fromthepresentexperimentsand
theproposedinterpretationofthem,theupstresmdistanceofinfluence
ofthehighpressurebehindtheshockwaveforbothlaminarandturbu-
lentboundarylayersandto comparethesedistanceswiththosereported,
forexsmple,inreference6 by Gadd,Holder,andRegsm.Reference6
reportsa detailedexperimentalinvestigationof shock-wave-boundary-
layerinteractionona flatplate,includingmeasurementsoftheupstream
distancethroughwhichthepressureandtheboundarylayerareaffected.
Theresults,however,cannotbe expectedtobe exactlycomparableto
thepresentresults.

Intheexperimentsofreference6 theshockwavewasgeneratedby
twomeans,anddifferentvaluesoftheupstreamdistancewereobtained
inthetwocases.Inonecasea wedgeinthestreamprduceda shock
wavethatinteractedwiththeboundarylayerona plate,sndinthe
othercasea wedgeheldin contactwiththeplateproduceda shockwave.
h thepresentexperimentstheshockwavewasgeneratedina waydiffere-
nt fromeitherofthese.Furthermore,insteadofa uniformfree-stream
flowalong theflatplate,as intheexperimentsofreference6,there
isinthepresentcasea pressuregradientintheflowalongtheTlate
duetoreflectionsfrOLIIthesonicline.

A determinationofthedistancesaheadoftheshockwavethrough
whichthehighpressureaffectedboththelaminarandtheturbulent
boundarylsyercanbe madeby useoftheinterferogrsmfora fYee-stream
Machnuniberof0.835 figurel(h)(orby useofthepressuredistribution
onthemodel,fig.k~. E@ansionwavesthatoriginateatthecurveof
theleadingedgearereflectedfromthesoniclineas compressionwaves
andagainfromthesurfaceas compressionwaves,andtheyproduce a posi-
tivepressuregradientalongtheflatsurface,as showninfigure4.
Thepressuregradientisefidencedby theobliqueorientationofthe
interferencefringesinthesupersonicregionin figurel(h).Justahead
oftheshockwave,however,thefringesaxemorecloselyspaced,and
thusindicatea greaterpressuregradient.Theextentalongthesurface
ofthesecloselyspacedfringesistakenasthedistanceaheadofthe
shockwavethattheboundarylayerisaffectedby thepressurebehind
theshockwave. To conformwithoneofthedefinitionsof “upstream
influencedistance”usedinreference6,thedistanceistakenasthat
fromthebeginningofthecloselyspacedfringestowheretherearplane
oftheshockwaveefirapolatedwouldintersectthesurface.Thedistsmce,
asmeasuredonfigurel(h),isabout0.019foot. Itisassumed,herein,
thatthroughoutthisdistancetheboundarylayeristurbulent.There
canbe littledoubtaboutthecorrectnessoftheassumptionthatthe
shockwaveis interactingtitha turbulentboundarylayer.Experience
confirmsthatthepatternshowninfigurel(h)occurswhentheboundary
layeristurbulentbutdoesnotoccurwhenit islaminar.Furthermore,
comparisonoftheformofthevariationofpressure,as shownby the
variationof ~ infigure4, with.theformsofthepressurevariation
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showninfigures13, 14, 20,and21 ofreference6 showssimilarity
betweentheformofvariationinfigure4 andthatobtainedwhenthe
boundarylqyeristurbulent.

Iftheaforementionedideaofthepresentpaperis correct,that
thechangeinf’lowpatternthatoccursata Machnurciber@st slightly
lessthanthatoffigurel(h)Isa resultofinteractionoftheshock
wavewitha leminarboundarylayer,thenit followsthatthepointof
farthestupstreamextentoftheregionof shock-wave-boundary-layer
interactioninfigurel(h),whichisat x = O.0~ foot,isalsoapprox-
imatelythefarthestupstreanextentoftheturbulentboundarylayer.
As a roughapproximation,therefore,thedistancefromthatpositionto
thebeginningofthestraightsectionc~be takenastheupstreaminflu-
encedistancefora l.aminarboundarylayer.“Thisdistanceisaccordingly
0.044foot.Thisreasoningignoresanyfiniteextentofthetransition
regionandalsothefactthattherearoftheshockwavewouldnotmove
as farforwardas x = 0.044foot iftheMachnumberwerereducedfrom
0.835too.82g.

.

4

A.comparisonofthepresentresultsonupstreamdistanceofinflue-
nce withthoseofreference6 is showninfigures7 to 10. (Calcula-
tionsofMachnumber,Reynoldsnumber,maximumpressurecoefficient,
andboundary-layerthicknessaregiveninthea~endix.)Figures7 and8,
forlaminarboundarylayers,weretakenfromfigures16and17ofref-
erence6,anda point,shownby thecircle,wasaddedtorepresentthe

*

resultofthepresentinvestigation.(TheMachnumberaheadofthebase
oftheshockwaveis1.5.)Figures9 ad 1.0,forturbulentboundary
layers,weretakenfromfigures23 and24 ofreference6,andagainthe

*

resultofthepresentinvestigationis shownby thecircle.

Thecomparisonshowsat leastan order-of-magnitudeagreement.
..—

Verygoodagreementwasnotexpectedbecauseofdifferencesinthe
methodsofgeneratingtheshockwave.Inthelaminarcase,wherethe
presentresultfordistanceofinfluenceisa shorterdistancethan
wasexpectedfromtheresultsofreference6,muchofthedifference
maywell%e duetotheshockwavelsbeingtooclosetotheleadi~edge
ofthemodelforthefulldistanceofupstreaminfluencetobe developed.

CONCLUDINGREMARK

Thispaperproposesthatshock-wave—boundary-layerinteractionis
a factorthatmaybe importantindeterminingtheMachnumberatwhich
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s

theflowbecomesattachedto theuppersurfaceofam airfoilata posi-
tiveangleofattackandpresentssomee~erimentalevidenceto supportd thisidea.

LangleyAeronauticalLaboratory,
NationalAdtisoryCommitteeforAeronautics,

_ey Field,Vs.,June18,1956.
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Inthisappendix,
layerthickness,local
fi.-&urel(h). -

Thefree-stream

DATAFORFIGUREl(h)

calculationsaremadeofReynoldsnuaiber,boundary-
Machntier,andso’forth,fortheflowshownin-
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foot R/x basedonfree-streamconditions

First,theboundary-layerthiclnaessatthestagnationpointis
calculated.Accordingto reference7,theboundary-layerthickness
5* atthestagnationpointofa circk cylinderis

and

~ is136,000ft/sec-ft andTherefore,~ 5* is0.20x 10-4foot.
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&
Itisassumedthattheboundarylayerdoesnotthickenappreciably

alongthecurvedportionofthemodelbecauseofthel.mgenegative
. pres;uregradient;Ifthepositivepressuregradient

sectionis ignored,thentheboundary-layerthickness
aswasdoneinreference6, fromtheeqpation

along thestraight
canbe calculated,

5* = 1.72(1+ o.277M2)~
F

As obtainedfromthemeasuredpressures,theI@chnumberatthebeginning
ofthestraightsectionis1.78,andat thebeginningoftheupstrem
influenceoftheshockwaveit is1.52.Foruseintheprecedingequa-
tion,an average valueof1.65 istaken.Thedistancealongthestraight
sectionto thebeginningoftheupstreaminfluenceis0.044foot.The
valueof PV fora llachtier of1.65 is0.79timesitsvaluefora
Wch numberof0.83.Therefore,thevalueoftheReynoldsnuderbased
onauibientratherthanonfree-streamconditionsis7.0X106X0.79X0.044-,

or2.43x 105=d 5* iS2.7x 10-4 foot. On additionofthethiclmess
-4at thestagnationpoint,5* becomes2.9x 10 foot. As a veryrough

approximation,withconsiderationoffigure41(a)ofreference7, it is
assumedthatthepressuregradientincreasesthethicknessby one-third.
Then 5*1= is3.9x 10-4foot●

● Forcalculatingthedisplacementthicknessoftheturbulentbound-
arylayer,essentiallythesaneprocedureis followedaswasusedin
reference6. Themomentumthicknessofthelsminarboundarylayerat
transitionis calculatedfromthedisplacementthickness,theassumption
beingmadethattransitiondoesnotaffectthevalueofthemcmentum
thickness,theeffectiveoriginoftheturbulentboundsrylayeris cal-
culatedfromthemomentumthickness,andthedisplacementthiclmessof
theturbulentboundarylayeris
reference6:

b*t@ =

Theresultingvalue

4.75X 10-2

‘f 5*tub

calculatedfromtheeqaationusedin

%urb 1+ o.35&

( )&‘::b 1+0.88~1M2002

iS 2.6 x IOA foot.

Forusein comparingthepresentresultswiththoseofreference6,
thems.ximumpressurebehindtheshockwaveisneeded.TheMachnumber
atthebeginningoftheupstresminfluenceoftheshockwaveis1.52.

●

Theshock-waveanglenearthefootoftheshockwaveis approximately60°.
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Thetheoreticalvalueofthepressureratioacrosstheshockwaveis 1.87.
4

Thehighestratioofpressureonthesurfacetopressureaheadofthe
shockwave,measuredwiththeorifices,was1.9. Thepressureorifices, -
however,didnotextendfarenoughrearward to indicatethemaximum
pressure.Thevalueobtainedby analysisoftheinterferogrsmwas2.2,
andthatvaluewasusedto calculatethemaximumpressurecoefficient
as0.74.

.

*
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(b) ~ = 0.631. -3552

Figure1.-@Dtl~d.
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